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COMPUTING CROSS-CORRELATIONS FOR
SPARSE DATA

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/979,990, titled “Computing

Cross-Correlations for Sparse Data,” filed in the Umted
States Patent and Trademark Office on Apr. 15, 2014, the
entire disclosure of which are incorporated herein by refer-
ence.

GOVERNMENT LICENSE RIGHTS

This mvention was made with Government support. The
Government has certain rights in this mvention.

BACKGROUND

Cross-correlation 1s a mathematical technique for mea-
suring the similarity of two functions and 1s commonly used
for searching a long signal to i1dentily a shorter, known
feature, such as when performing pattern recognition 1in
radar signal analysis, neurophysiology, cryptanalysis, and
economics. A cross-correlation 1s also referred to as a
“sliding dot product” or “sliding 1nner product.”

Generally, a fast Founer transform (FFT) and a pointwise
product operation can be used to compute a cross-correlation
of two discrete signals. The FFT takes as mput two full
vectors. For example, when computing the cross-correlation
of signals a and b having length N_and N,, respectively,
these sequences can be respectively represented as full
vectors of N elements: {a,, a,, . . . , a,,} and {b,,
b,, ..., by,}. The fastest known algorithms for performing
FFT-based cross-correlation have a computational complex-
ity on the order of N log, N.

In some applications, most of the elements in the
sequence (e.g., {a,, a,, . . . , a,,,}) are zero. Such signals are
often referred to as being “sparse” and a sequence of length
N having n non-zero elements can be referred to as having
a “sparsity” of (N-n)/N, where the sparsity refers to the
fraction of elements in the sequence that are zero.

For example, when operating a Geiger-mode laser radar,
relatively long periods of time may elapse between detection
events registered by the detector. As such, the output of such
a detector will often contain long runs of zeroes and the
sparsity of the data 1s often greater than 0.999.

Storing all of the elements (the “full vector™) 1n a sparse
sequence can be space inellicient because of the number of
duplicate elements (e.g., zero valued elements). In addition,
because the FFT-based cross-correlation computation oper-
ates on the entire vector of N elements, there 1s a significant
amount of wasted computational work 1n performing opera-
tions that result 1n a value of zero for most of the correlation
coellicients.

Various alternative types of data structures are often used
to represent sparse data using less space or memory. For
example, a coordinate list data structure reduces space
requirements by storing only the non-zero elements and the
positions of those elements in the sequence.

SUMMARY

Embodiments of the present mvention are directed to
systems and methods for computing cross-correlations of
sparse data.
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2

According to one embodiment of the present invention, a
method for computing a cross-correlation between a first
sequence and a second sequence includes: generating a first
index vector based on the first sequence, the first index
vector including a plurality of first elements, the first index
vector excluding indices of zero valued elements of the first
sequence; generating a second index vector based on the
second sequence, the second index vector including a plu-
rality of second elements, the second index vector excluding
indices of zero valued elements of the second sequence;
computing, on a processor, a plurality of pairwise difler-
ences between each of the first elements of the first index
vector and each of the second elements of the second index
vector; and binning, on the processor, the plurality of
pairwise diflerences to generate the cross-correlation of the
first sequence and the second sequence.

The method may further include identifying a largest
valued bin from among a plurality of bins produced by
binning the plurality of pairwise differences.

The first sequence and the second sequence may be binary
valued.

The first sequence and the second sequence may be real
valued or complex valued.

The first sequence may include a plurality of first weights
and the second sequence may include a plurality of second
weights.

The binning of the pairwise differences into a plurality of
bins to generate the cross-correlation of the first sequence
and the second sequence may include, for each bin: multi-
plying the weights of the elements of each pair of elements
of the bin to generate a plurality of products; and summing
the plurality of products of the bin.

All of the elements of the first index vector may be
non-zero, and all of the elements of the second index vector
may be non-zero.

The method may further include converting elements of
the first sequence below a threshold level to a value of zero
before generating the first index vector based on the first
sequence.

According to one embodiment of the present invention, a
system for computing a cross-correlation between a first
sequence and a second sequence includes: a memory con-
figured to store the first sequence and the second sequence;
and a processor configured to: generate a first index vector
based on the first sequence, the first index vector including
a plurality of first elements, the first index vector excluding
indices of the zero valued elements of the first sequence;
generate a second index vector based on the second
sequence, the second index vector including a plurality of
second elements, the second mndex vector excluding indices
of the zero valued elements of the second sequence; com-
pute a plurality of pairwise diflerences between each of the
first elements of the first index vector and each of the second
clements of the second 1index vector; and bin the plurality of
pairwise diflerences to generate the cross-correlation of the
first sequence and the second sequence.

The processor may be further configured to i1dentify a
largest valued bin from among a plurality of bins of pairwise
differences.

The first sequence and the second sequence may be binary
valued.

The first sequence and the second sequence may be real
valued or complex valued.

The first sequence may include a plurality of first weights
and wherein the second sequence may 1nclude a plurality of
second weights.
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The processor may be further configured to bin the
plurality of differences 1nto a plurality of bins to generate the
cross-correlation of the first sequence and the second

sequence by, for each bin: multiplying the weights of the
clements of each pair of elements of the bin to generate a
plurality of products; and summing the plurality of products
of the bin.

All of the elements of the first index vector may be
non-zero, and all of the elements of the second index vector
may be non-zero.

The processor may be further configured to convert
clements of the first sequence below a threshold level to a
value of zero before generating the first index vector based
on the {first sequence.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, together with the specifi-
cation, illustrate exemplary embodiments of the present
invention, and, together with the description, serve to
explain the principles of the present invention.

FIG. 1 1s a schematic block diagram of a system config-
ured to transmit signals, receive signals, and process the
transmitted and received signals according to one embodi-
ment of the present invention.

FIG. 2A 1s a graph 1llustrating a first series of pulses.

FIG. 2B 1s a graph 1illustrating a second series of pulses.

FIG. 2C 1s a graph illustrating a cross-correlation of the
first series of pulses and the second series of pulses.

FIG. 3 1s a flowchart 1llustrating a method for computing
a cross-correlation of two signals according to one embodi-
ment of the present invention.

FIG. 4 1s a graph comparing the compute time for
computing a cross-correlation of two sparse signals using an
FFT method and a method according to one embodiment of
the present mnvention.

DETAILED DESCRIPTION

In the following detailed description, only certain exem-
plary embodiments of the present mnvention are shown and
described, by way of illustration. As those skilled 1n the art
would recognize, the invention may be embodied 1n many
different forms and should not be construed as being limited
to the embodiments set forth herein. Like reference numerals
designate like elements throughout the specification.

Embodiments of the present mvention are directed to
systems and methods for computing cross-correlations of
sparse data. In some embodiments of the present invention,
the algorithm computes the cross-correlation (or, 1n some
embodiments, approximates the cross-correlation), and con-
sumes fewer computational resources (e.g., processor cycles
and memory) than the FFI-based technique 1t the input
sequences have suilicient sparsity.

FIG. 1 1s a schematic block diagram of a system 10
configured to transmit signals, to receive signals, and to
process the transmitted and received signals. For example, in
one embodiment, such a system 10 1s a laser radar device or
a light detection and ranging system (LIDAR) configured to
transmit laser pulses, receive reflected laser pulses, and
compare the transmitted signal with the received signal to
compute range information.

Referring to FIG. 1, a system 10 includes a signal pro-
cessor 100 coupled to a transmitter 110, a receiver 120, and
other devices 140 such as an end-user device, a general
purpose processor, a display device, a communication
device, etc. The transmitter 110 1s configured to transmit a
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4

wavelorm or other first signal 12 and the receiver 120 1s
configured to receive a second signal 14.

Signal sequences a and b respectively representing the
first signal 12 and the second signal 14 are supplied to the
signal processor 100. The signal processor 100 includes a
processor 102, a memory 104, and input/output 106. The

signal processor 100 receives signal sequences a and b
through mput/output 106 and stores sequences a and b 1n

memory 104. The processor 102 1s configured to process the

sequences a and b and to generate an output to be supplied
to other devices 140 through the mput/output 106.

For example, 1n a laser radar range finder, the transmaitter
110 includes a laser configured to transmuit pulses of light as
the first signal 12 and the receiver 120 includes a photodiode
configured to detect light as the second signal 14. The signal
processor 100 1s configured to analyze the first (or trans-
mitted) sequence a and the second (or recerved) sequence b
to 1dentily reflections of the first signal 12 1n the second
signal 14 by computing the cross-correlation of sequences a
and b. The signal processor 100 calculates the time elapsed
between transmission of the first signal and the i1dentified
reflections in the second signal using the cross-correlation
and computes a distance to a target using the calculated time
and the speed of light.

As an example of a range finding process, FIGS. 2A, 2B,
and 2C respectively illustrate: a first series of transmitted
pulses of the first signal 12; a second series of received
pulses of the second signal 14; and a cross-correlation of the
first series of pulses and the second series of pulses.

The horizontal axes of FIGS. 2A, 2B, and 2C are time bin
indices, the vertical axes of FIGS. 2A and 2B depict the
amplitude of a signal within a time bin, the vertical axis of

FIG. 2C 1s the value of the cross correlation of binary valued
signals 12 and 14 as a function of time delay measured 1n

units of a time bin. The width of a time bin 1n FIGS. 2A, 2B,
and 2C 1s 1.25 ns.

As seen 1n FIG. 2A, a series of six pulses corresponding
to a first sequence 1s transmitted during time bins 0, 40000,
80000, 120000, 160000, and 200000. A corresponding series
ol six pulses 1s recerved during time bins 1333336, 1373336,
1413336, 1453336, 1493336, and 1533336, as shown 1n
FIG. 2B. Computing a unit bin width histogram of the
difference table formed from the first signal (shown 1n FIG.
2A) and the second signal (shown in FIG. 2B) produces the
cross correlation shown in FIG. 2C. The peak of the histo-
gram 1n FIG. 2C 1s at 1333336, which corresponds to the
time delay between the pulses of the first series in FIG. 2A
and the pulses 1n the second series 1n FIG. 2B.

As described 1n the background above, performing a
cross-correlation operation using the FFT and pointwise
multiplication mvolves using the full vector of data (e.g.,
using all N wvalues), thereby requiring the processor to
perform calculations that result 1n zero valued correlation
coellicients. In the example shown in FIGS. 2A, 2B, and 2C,
using the FFT based method would require, for example,
considering all the zero valued data points of FIG. 2B 1n time
bins between 0 and 1333336 and between 1533336 and
3000000, which do not contribute to the nonzero valued
cross-correlation coeflicients shown in FIG. 2C.

Embodiments of the present invention are directed to
systems and methods for computing the cross-correlation of
two binary sequences using the umt-bin histogram of the
difference table of the non-zero index lists of the two binary
sequences.

Generally, the 1-th term of an output cross-correlation
sequence ¢ of mput sequences a and b 1s given as:
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Cf = Z Dot
m

(1)

5
To simplity this analysis, first consider the case 1n which
a and b are sparse binary:
R R i (2) 10
ty = 55’1,_',11 iy = 6:41 n ‘bn — Z 53;,1‘1

where {A,},_,""and {B, },_, " are the locations of the nonzero |,
entries in sequences a and b, respectively, and o,, ,, 1s the
Kronecker delta:

PP 0 ifrem
Substituting the above representations of a, and b, of (2)
into (1), we can rearrange c, as follows: 75
F'a 1y, (3)
Ct = E E 5H5mz OB jmtt =
] = 30
;: y: ;: éﬂj,mﬁﬂj,m-l—i — y: ;: y: 6A5,m53j—!,m —
] 7 m ] 7 m
Z CSAE,BJ,'—! — Z 6!,5}—&,_‘ — Z 1
w W V1B j=Ai=l 35

As seen above, the 1-th term ¢, of cross-correlation
sequence ¢ can be mterpreted as the number (or count) of
pairs of non-zero entries A; and B, respectively of sequences 40

a and b that are separated by 1 in the sequence (e.g.,
B.-A=).

Drawing from this analysis, a “diflerence table” d of
“pairwise differences” of B, and A, of the sequences a and b
(where the 1, j-th entry of d 1s set: d, =B .—-A;). The unit-bin
histogram h, of d;; 1s defined by the number of locations of
d where d, =1 (h=#{1,j IngI})j which 1s equal or equivalent
to the last expression 1n (3) above for ¢,. Therefore, h=c,. In
other words, the unit bin histogram h; of difterence table d,
of sequences a and b 1s the same as the cross-correlation ¢
of sequences a and b.

45

50

To consider the general case, one can relax the above
assumption that a and b are sparse binary by multiplying
cach of the terms of the sequences a and b by corresponding
welghts o and {3:

55

(4)

ay = i @ida;n  bp = % Bids; n 60
=1 i=1

where {A,}_ " and {B,},_,”* are again the locations of the
nonzero entries 1 a and b. Weights o and 3 can be real g5
numbers or complex numbers, so long as the cross-correla-
tion includes a complex conjugate of one sequence.

6

Substituting the new formulations of a, and b, from (4)
into (1) and rearranging yields:

(3)

Theretore, 1n the general case, cross-correlation ¢, at oflset
I 1s equal to the sum of the pairwise products 3, ot all pairs
whose locations (A; and B)) differ by .

FIG. 3 1s a flowchart illustrating a method 300 for
computing the cross-correlation of two signals according to
one embodiment of the present invention. According to
embodiments of the present mvention, and, unlike in the
FFT-based approach, the sparse mput data 1s not treated as
tull. As such, 1n some embodiments of the present invention,
only the non-zero values of the mput sequences are used 1n
the computation and only non-zero values of the output
sequence are computed. In other embodiments of the present
invention some of the zero values are retained 1n the mput
sequences a and b during the computation.

Retferring to FIG. 3, first signal 12 and second signal 14
are recerved and sparse index vectors are generated for the
corresponding first sequence a having N _ entries and n
non-zero entries and second sequence b having N, entries
and n, non-zero entries 1 operations 302 and 304. The
sparse index vectors may be structured, for example, as a list
of pairs, where the pairs refer to a location (or index) in the
sequence and the value of the sequence at that location. In
some embodiments of the present invention, zero values 1n
the first sequence a and second sequence b are not stored in
the sparse index vectors such that only non-zero data
appears 1n the sparse mdex vectors. In other embodiments,
some of the zero values 1n the first sequence a and second
sequence b remain 1n the sparse index vectors. As such, the
sparse index vectors representing a and b each respectively
contain only n_, and n, entries, where, when a and b are
sparse, n_<<N_and n,<<N,. The sparse index vectors can be
stored 1n memory 104 of the signal processor 100.

The signal processor 100 (e.g., the processor 102 of the
signal processor 100) computes pairwise differences and
pairwise products of the indexes of each of the values of the
generated sparse index vectors representing signals a and b
in operation 306. For example, 1n one embodiment, for each
value B, in b (where {B,},_," gives the locations of the
non-zero entries inb), n, difference pairs d,; are computed by
subtracting A, (where {A,} _ " gives the locations of the
non-zero entries in a) from B, to generate a total of n,n,
difference pairs. In other words, the values at positions 1, 1n
difference table d are: d,=B,-A.,.

According to one embodiment of the present invention,
these pairwise diflerences are computed using nested loops
by 1terating through values of B, in an outer loop and
iterating through values of A, 1n an mner loop. According to
another embodiment of the present invention, these pairwise
differences are computed by generating a first n, xn_ array by
repeating sequence b along each of the n, columns, gener-
ating a second n,xn_ array by repeating sequence a along
cach of the n, rows, and computing the difference between
corresponding positions in the first and second arrays. As
such, the computational complexity of this operation i1s on
the order of n_n, and 1s independent of N.
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After computing the n_n, difference pairs 1n operation
306, the signal processor 100 bins the difference pairs and
sums their products in operation 308. In other words,
difference pairs B,-A;) that have the same value or that fall
within the same range (or “bin”) are collected together. The
values of the sequences a and b at positions A; and B, are
multiplied (e.g., o,p,) and the resulting products are
summed. The resulting values represent the cross-correla-
tion of sequences a and b.

The signal processor also 1dentifies a largest of the bins in
operation 310 when computing, for example, the time delay
between first and second signals.

Embodiments of the present invention can be imple-
mented 1n a variety of ways such as a general purpose
processor (€.g., a processor based on an ARM® architecture
or an Intel® or AMD® x86 compatible processor) coupled
to memory that stores mstructions to be executed to perform
the steps described above. In other embodiments, a field
programmable gate array (FPGA) 1s programmed to perform
the operations described above. In still other embodiments,
a dedicated purpose itegrated circuit 1s designed to perform
the above-described operations.

To provide a more concrete example, suppose that a set of
s1X pulses are transmitted 40000 time bins apart from each
other and a set of six pulses are detected some time later. The
tull vector data representing the transmitted pulses would
include the strengths of the six initial pulses, zero values
between the pulses, and a series of zeroes from just after the
last pulse until the time of the last possible return. Similarly,
the full data of the recerved signal would begin at time 0 and
extend until the end of the time window 1n which retlections
of the pulses would be expected.

The tull vector data 1s processed in operations 302 and
304. The non-zero values are identified based on their
associated time stamps (e.g., time of transmission or time of

detection), so that only non-zero values are stored, as shown
in Table 1 below.

TABLE 1
Event No. Tx Time Stamp Detect Time Stamp
1 0 1333336
2 40000 1373336
3 80000 1413336
4 120000 1453336
5 160000 1493336
6 200000 1533336

The s1x transmit timestamps (A,) are shaped 1nto an array
with six repeated rows, as shown below 1n Table 2:

TABLE 2
U 40000 80000 120000 160000 200000
U 40000 80000 120000 160000 200000
U 40000 80000 120000 160000 200000
U 40000 80000 120000 160000 200000
0 40000 80000 120000 160000 200000
U 40000 80000 120000 160000 200000

Similarly, the six timestamps (B,) of detected signals are

shaped 1nto an array with six repeated columns, as shown 1n
Table 3:

TABLE 3
1333336 1333336 1333336 1333336 1333336 1333336
1373336 1373336 1373336 1373336 1373336 1373336
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TABLE 3-continued

1413336 1413336 1413336 1413336 1413336 1413336
1453336 1453336 1453336 1453336 1453336 1453336
1493336 1493336 1493336 1493336 1493336 1493336
1533336 1533336 1533336 1533336 1533336 1533336

In operation 306, each of the entries 1n Table 2 (values A )
1s subtracted from its corresponding entry in Table 3 (values
B,) to generate a difference table d ot thirty six (6 imestamps

A x6 timestamps Bj) pairwise diflerences dgj as shown
below 1n Table 4:
TABLE 4
1333336 1293336 1253336 1213336 1173336 1133336
1373336 1333336 1293336 1253336 1213336 1173336
1413336 1373336 1333336 1293336 1253336 1213336
1453336 1413336 1373336 1333336 1293336 1253336
1493336 1453336 1413336 1373336 1333336 1293336
1533336 1493336 1453336 1413336 1373336 1333336

Pairwise differences having the same value are summed
or “binned” together 1n operation 308 to generate a histo-
gram (see Table 35, below). In this example, the weights at
each location are taken to be 1, so that the cross-correlation
of the sequences 1s the number of difference pairs i each

bin.
TABLE 5
Number of
Time difference
bin pairs
1133336 1
1173336 2
1213336 3
1253336 4
1293336 5
1333336 6
1373336 5
1413336 4
1453336 3
1493336 2
1533336 1

For example, 1n the case of a laser range finder, the bin
with the largest value (1n this example, 1333336, which
appears as six pairwise diflerences 1n Table 4) corresponds
to the delay between the transmission and the detection of
the pulse sequence.

FIG. 4 1s a graph comparing the time required for com-
puting a cross-correlation of two binary sparse signals using
both an FFT method and a method according to one embodi-
ment of the present invention. In all trials shown 1n FIG. 4,
the mput sequences a and b were each one million entries
long (1n other words, N_=N,=1E+06), the horizontal axis
represents the number of non-zero enfries (n) in each
sequence (the indices of nonzero values were chosen ran-
domly for each sequence), and the vertical axis 1s a log-scale
graph of the computation time.

As discussed above, the FFT method for computing cross
correlations uses the full input sequences of length N 1n
performing the calculations and 1ts computational complex-
ity 1s on the order of N log, N. Therefore, the computation
time 1s substantially independent of the number of non-zero

entries (n), as shown by the substantially horizontal line of
the “FFT Calc” data points in FIG. 4 that all fall between 0.1
and 0.3 seconds across the range of n from 1 to 1000.
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On the other hand, embodiments of the present invention
operate with computation complexity on the order of n* (and
independent of N) because only the n non-zero entries of the
sequences are considered. Therefore, 1n cases where n 1s
much smaller than N (when dealing with sparse sequences),
embodiments of the present invention can provide signifi-
cant speed up over the FFT method. For example, when
computing the cross-correlation of two sequences of length
one million and having two hundred non-zero entries each,
there 1s an approximately 30x speed up over the FFT
method, as indicated by arrows 402. As another example,
when there are five hundred non-zero entries in each
sequence of one million entries, embodiments of the present
invention provide an approximately 5x speed up over the
FFT method.

The degree of speedup will depend on the implementation
of the method and the sparsity of the supplied mput data.
Nevertheless, embodiments of the present invention provide
an advantage over the FFT method when the input sequences
are sufliciently sparse.

While the present invention has been described in con-
nection with certain exemplary embodiments, 1t 1s to be
understood that the invention 1s not limited to the disclosed
embodiments, but, on the contrary, 1s mtended to cover
various modifications and equivalent arrangements included
within the spint and scope of the appended claims.

For example, although the signal processing system 100
in the example above 1s described 1n the context of a
transmitter/receiver system 10 for use 1n a laser radar range
finder, embodiments of the present invention are not limited
thereto and may be applied 1n other contexts involving the
computation of the cross-correlation of sparse signals.

In some embodiments of the present invention approxi-
mate methods can be used to increase the sparsity of the
data. For example, in some embodiments of the present
invention, values 1n the tull vector that are below a threshold
level can be converted to zeroes or left out of the sparse
index vector 1 order to increase sparsity.

Embodiments of the present invention can be applied 1n a
variety of contexts in which the input signals are sparse such
as constellation matching for feature-based pose estimation
or registration in 1magery.

What 1s claimed 1s:

1. A method for signal processing of radar signals to
determine target range information, using a cross-correlation
between a first signal pulse sequence and a second signal
pulse sequence, the method comprising:

transmitting the first signal pulse sequence towards a

target, by a transmitter;

receiving the second signal pulse sequence reflected from

the target, by a recerver;

determining the cross-correlation between the first signal

pulse sequence and the second signal pulse sequence,

wherein determining the cross-correlation comprises:

generating a first index vector based on the first signal
pulse sequence, the first index vector comprising a
plurality of first elements, the first index vector
excluding 1ndices of the zero valued elements of the
first signal pulse sequence;

generating a second 1mndex vector based on the second
signal pulse sequence, the second 1ndex vector com-
prising a plurality of second elements, the second
index vector excluding indices of the zero valued
clements of the second signal pulse sequence;

computing, on a processor, a plurality of pairwise
differences between each of the first elements of the
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first index vector and each of the second elements of
the second index vector; and

time binning, on the processor, the plurality of pairwise
differences to generate the cross-correlation of the
first signal pulse sequence and the second signal
pulse sequence; and

generating target range information from the cross-corre-

lation of the first signal pulse sequence and the second
signal pulse sequence.

2. The method of claim 1, further comprising 1dentiiying
a largest valued bin from among a plurality of time bins
produced by the time binning the plurality of pairwise
differences.

3. The method of claim 1, wherein the first signal pulse
sequence and the second signal pulse sequence are binary
valued.

4. The method of claim 1, wherein the first signal pulse
sequence and the second signal pulse sequence are real
valued or complex valued.

5. The method of claim 4, wherein the first signal pulse
sequence comprises a plurality of first weights and wherein
the second signal pulse sequence comprises a plurality of
second weights.

6. The method of claim 5, wherein time binning of the
pairwise diflerences into a plurality of time bins to generate
the cross-correlation of the first signal pulse sequence and
the second signal pulse sequence comprises, for each time
bin:

multiplying the weights of the values of each pair of

clements of the time bin to generate a plurality of
products; and

summing the plurality of products of the time bin.

7. The method of claim 1,

wherein all of the elements of the first index vector are

non-zero, and

wherein all of the elements of the second index vector are

non-zero.

8. The method of claim 1, further comprising converting,
clements of the first signal pulse sequence below a threshold
level to a value of zero belore generating the first index
vector based on the first signal pulse sequence.

9. A system for signal processing of radar signals to
determine target range information, using a cross-correlation
between a first signal pulse sequence and a second signal
pulse sequence, the system comprising;

a transmitter for transmitting the {first signal pulse

sequence towards a target;

a receiver for receiving the second signal pulse sequence

reflected from the target;

a memory configured to store the first signal pulse

sequence and the second signal pulse sequence; and

a processor configured to determine the cross-correlation

between the first signal pulse sequence and the second

signal pulse sequence, wherein determining the cross-

correlation comprises:

generate a first index vector based on the first signal
pulse sequence, the first index vector comprising a
plurality of first elements, the first index vector
excluding indices of the zero valued elements of the
first signal pulse sequence;

generate a second index vector based on the second
signal pulse sequence, the second 1ndex vector com-
prising a plurality of second elements, the second
index vector excluding indices of the zero valued
clements of the second signal pulse sequence;
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compute a plurality of pairwise differences between
cach of the first elements of the first index vector and
cach of the second elements of the second index
vector;

time bin the plurality of pairwise differences to gener-
ate the cross-correlation of the first signal pulse
sequence and the second signal pulse sequence; and

generate target range information from the cross-cor-
relation of the first signal pulse sequence and the
second signal pulse sequence.

10. The system of claim 9, wherein the processor is
turther configured to 1dentify a largest valued time bin from
among a plurality of time bins of pairwise diflerences.

11. The system of claim 9, wherein the first signal pulse
sequence and the second signal pulse sequence are binary
valued.

12. The system of claim 9, wherein the first signal pulse
sequence and the second signal pulse sequence are real
valued or complex valued.

13. The system of claim 9, wherein the first signal pulse

sequence comprises a plurality of first weights and wherein 20

the second signal pulse sequence comprises a plurality of
second weights.
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14. The system of claim 13, wherein the processor 1s
turther configured to time bin the plurality of diflerences nto
a plurality of time bins to generate the cross-correlation of
the first signal pulse sequence and the second signal pulse
sequence by, for each time bin:

multiplying the weights of the elements of each pair of
clements of the time bin to generate a plurality of
products; and

summing the plurality of products of the time bin.
15. The system of claim 9,

wherein all of the elements of the first index vector are
non-zero, and

wherein all of the elements of the second index vector are
NnonN-zero.

16. The system of claim 9, wherein the processor 1s
further configured to convert elements of the first signal
pulse sequence below a threshold level to a value of zero
before generating the first index vector based on the first
signal pulse sequence.
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